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Epicardial cells are crucial for heart development, function, and regeneration, but methods to study them
have been lacking. Using WNT and BMP signaling pathways, Witty et al. (2014) have now developed an elab-
orate method to generate fully functional epicardial cells from human pluripotent stem cells, allowing their
in vitro investigation.Generating artificial cardiac tissue for
functional studies in vitro and therapeutic
applications in vivo is an ambitious goal,
in particular in view of the growing number
of heart failure patients. Therefore, plurip-
otent stem cells offer great opportunities
as a reliable and unlimited source for car-
diac cells and tissues (Brenner and Franz,
2011). Despite significant recent progress
made in identifying factors for the induc-
tion of endocardial and myocardial differ-
entiation, the epicardium has hardly been
addressed until now. Epicardial cells
contribute essential factors necessary
for heart development, cardiac function,
and regeneration after myocardial injury.
However, after isolation from the human
body, epicardial cells rapidly change their
functional properties. This plasticity com-
bined with their scarcity has hindered ef-
forts to study epicardial cells in the past.
In a recent publication, Witty and coau-
thors established an elaborate method to
generate epicardial-like cells from human
pluripotent stem cells (Witty et al., 2014).
In the developing heart, the epicardium
particularly contributes to the formation
of mesenchymal vascular structures and
other nonmyocyte cells. This epithelial-
to-mesenchymal transition is activated
via WNT, fibroblast growth factor (FGF),
and transforming growth factor beta
(TGFb) signaling. Epicardial cells are char-
acterized by the expression of the tran-
scription factors WT1 and Tbx18. They
secrete retinoic acid and other factors,
which further boost cardiomyocyte for-
mation (Witty et al., 2014). In addition,
various publications have shown that
epicardium may also directly contribute
to the myocardial myocytes via a
limited epicardium-to-myocardium-tran-
sition (EMyT). However, this hypothesisis still being discussed (Cai et al., 2008; Ki-
kuchi et al., 2011; Zhou et al., 2008).
One of the key findings of the manu-
script by Witty et al. is that disturbances
in BMP signaling within 24 hr after embry-
onic day 4 can abolish cardiomyocyte for-
mation in a pluripotent stem cell culture
but ultimately boost epicardial cell forma-
tion. Interestingly, this shift in embryonic
cardiac differentiation could be achieved
by addition of BMP4, but also in part
with help of the BMP blocker NOGGIN.
The inhibition of cardiomyocyte formation
by BMP signaling enhanced epicardial
proliferation, and accordingly, stimulation
of cardiomyocyte formation, e.g. via
blockade of canonical WNT signaling,
inhibited expression of the epicardial
marker WT1 and led to cardiomyocytic
specification of the pluripotent stem cell
culture. In turn, direct stimulation of WNT
signaling using CHIR99021 in fact led to
an increase in WT1 expression in cell cul-
tures with unaltered BMP signaling. How-
ever, this effect could not be recapitulated
in differentiating stem cells that had previ-
ously been primed for epicardial differen-
tiation by the addition of BMP4. When
these data are taken together, we can
summarize that both BMP and WNT
signaling are closely involved in the regu-
lation of epicardial/myocardial balance
during cardiogenesis with alterations in
BMP signaling promoting epicardial dif-
ferentiation, while inhibition of WNT
signaling induces cardiomyocyte forma-
tion and blocks epicardial lineage devel-
opment (Figure 1).
WNT signaling has previously been
shown to be a crucial mechanism regu-
lating cardiomyogenesis in vivo and
in vitro. During heart development the car-
diac crescent originates from the primaryCell Stem Cell 15,heart field and contributes to the forma-
tion of the left ventricle and atria, whereas
the right ventricle and outflow tract
originate from the secondary heart field.
Inhibition of canonical WNT signaling,
e.g., by Brachyury-induced expression
of MesP1 (David et al., 2008, 2011), in-
duces cardiomyocyte differentiation and
proliferation that eventually contribute to
both the primary and secondary heart
fields (Lescroart et al., 2014). Activated
MesP1 signaling induces Nkx2.5 expres-
sion, which further specifically increases
cardiomyocyte formation in the myocar-
dium (Bondue et al., 2008; David et al.,
2009). These mechanisms enhancing
myocardial cardiomyocyte formation in
all chambers of the heart apparently are
sufficient to suppress epicardial cell for-
mation, which documents a paracrine
cross-talk not only from epicardium to
myocardium but also in the reverse direc-
tion. It is important to note that interac-
tions of cardiac progenitor cells from the
different heart fields with the epicardial
cells have not been dissected in detail
(Witty et al., 2014).
Besides the findings on how to induce
epicardial cell formation in the pluripotent
stem cell culture,Witty et al. further estab-
lished a method to induce epithelial-
to-mesenchymal transition (EMeT) of
generated epicardial cells, which is one
of their key features. This is crucial for
further mechanistic and functional ana-
lyses. Adding TGFb alone or in combina-
tion with basic FGF (bFGF) inhibited
epicardial cell proliferation, led to a sig-
nificant decrease in epicardial marker
expression, and thus induced differentia-
tion toward an epicardium-derived cell
(EPDC) phenotype. EPDCs were charac-
terized by the loss of WT1 expressionNovember 6, 2014 ª2014 Elsevier Inc. 533
Figure 1. Schematic Description of Factors Expressed in the
Various Heart Compartments during Cardiac Development
(1) Alterations in BMP signaling lead to proliferation of the epicardial lineage
and inhibit cardiomyocyte development. (2) In contrast to endocardial
and myocardial cells, epicardial cells typically express WT1, Tbx18, and
ALDH1A2, which is necessary for production of retinoic acid (RA). (3) Epicar-
dial-derived cells (EPDCs) directly contribute to the formation of the myocar-
dium as noncardiomyocyte cells via the epithelial-to-mesenchymal transition
(EMeT). (4) Epicardial cells may directly differentiate into myocardial cells
(epicardium-to-myocardium transition, EMyT) and contribute to the ventricu-
lar septum and atrial and ventricular walls. (5) Brachyury induces the expres-
sion of MesP1, which inhibits canonicalWNT signaling (WNTi). This leads to an
accelerated cardiomyogenesis in the primary heart field (which gives rise to
the left ventricle and atria) and the secondary heart field (which gives rise to
the right ventricle and outflow tract). (6) Inhibition of WNT signaling (WNTi)
by Dkk1 reduces the formation of epicardial tissue. (7) Nkx2.5 expression is
induced byMesP1 and enhances the formation of ventricular cardiomyocytes.
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tions, as well as the expres-
sion of vascular smooth mus-
cle lineage and fibroblast-like
markers, thus recapitulat-
ing epicardial development
in vitro. Regarding functional
properties of the generated
EPDCs, the authors could
prove that these pluripotent-
stem-cell-derived postepi-
cardial cells were not only
able to mimic EMeT on the
molecular level, but also able
to functionally invade aMatri-
gel matrix after their transition
was induced. Finally, epicar-
dial cells showed ALDH1A2
expression, which they lose
after a successful EMeT.
The detailed understanding
of epicardial development,
function, and plasticity con-
tributes substantially to our
present understanding of
pancardiac development.
With the description of a
detailed protocol for pluripo-
tent-stem-cell-based genera-
tion of epicardial-like cells
in vitro, the authors provide
us with an inspiring new tool
for future analyses of epicar-
dial involvement in myocar-
dial development and repair.
Besides future transplanta-
tion experiments for func-
tional analyses, this modelmay help us to confirm or negate a postu-
lated direct contribution of epicardial cells
to the developing or regeneratingmyocar-534 Cell Stem Cell 15, November 6, 2014 ª2dium (EMyT) andwill bring us another step
closer toward generation of artificial car-
diac tissue.014 Elsevier Inc.REFERENCES
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